This study explores the extent to which individuals embodied in Virtual Reality tend to self-attribute the movements of their avatar. More specifically, we tested subjects performing goal-directed movements and distorted the mapping between user and avatar movements by decreasing or increasing the amplitude of the avatar hand movement required to reach for a target, while maintaining the apparent amplitudevisual distance -fixed. In two experiments, we asked subjects to report whether the movement that they have seen matched the movement that they have performed, or asked them to classify whether a distortion was making the task easier or harder to complete. Our results show that subjects perform poorly in detecting discrepancies when the nature of the distortion is not made explicit and that subjects are biased to self-attributing distorted movements that make the task easier. These findings, in line with previous accounts on the sense of agency, demonstrate the flexibility of avatar embodiment and open new perspectives for the design of guided interactions in Virtual Reality.
Introduction

1
Human perception is not a perfect capture of reality, and much 2 of the information we experience as being collected from the ex-3 ternal world is the product of brain inference [1] . This is an impor-4 tant enabling factor for Virtual Reality (VR) technologies, as they induce haptic sensations that are more complex than the physical 24 interaction device is capable of representing. On the other hand, 25 little attention has been given to the perception of avatar move- 26 ment distortion in embodied VR. That is when the movement of 27 limbs or end effectors of an avatar representation are manipulated 28 relative to the actual movement of the subject. 29 In this paper we use VR to analyze the extent to which partic- 30 ipants self-attribute a distorted movement ( Fig. 1 ). Here we define 31 self-attribution as the state where users are more likely than not 32 to acquire the perception that they have complete control over the 33 movements of a virtual hand. Self-attributing movements of a vir- 34 tual body as one's own is essential in establishing and sustaining 35 the senses of ownership and agency over that body [7] , i.e. the feeling that a body is one's own, and the feeling that one has con-37 trol over the actions of that body. 38 We manipulate the movement of a virtual hand (of a fully-39 embodied subject) in order to help or hinder the completion of 40 a reaching task. This effect is achieved by decreasing or increas- 41 ing the (physical) amplitude of the hand movement necessary to 42 reach the target as compared to the apparent (visual) amplitude of 43 the task. Consequently, when a reaching is helped (or hindered), 44 the physical movement becomes shorter (or longer) in amplitude 45 than the visual inspection of the task suggests. One of the most 46 salient features of the distortion during the movement is that the 47 virtual visual feedback of the hand may move faster or slower 48 than the physical hand. This visuo-motor discrepancy characterizes 49 a spatiotemporal distortion that consequently builds into a visuo- 50 proprioceptive mismatch. 51 We conducted two experiments with this distortion model. The 52 first aims at quantifying the limits of self-attribution of the dis-53 torted movement, in which subjects are asked if a seen movement 54 matches the movement they have performed. The second experi-55 ment acquires subject's judgment on whether a given level of dis-56 tortion makes the reaching task easier or harder to complete than 57 when no distortion is applied. The latter is not always obvious be- 58 cause it involves a trade-off between the manipulated movement 59 amplitude (objective manipulation of difficulty) and one capacity 60 to promptly correct an ongoing movement that has been distorted. 61 It is our hypothesis that we can manipulate (i.e. distort) move- When referring to one's body, the sense of agency seems pre-88 dominantly related to the sensation of motor control over that 89 body. As a consequence, the ability to self-attribute a movement by 90 correlating motor commands with the acquired sensory informa-91 tion, as we study here, is a significant factor to sustain an elevated 92 sense of agency of a virtual body. In a pioneering study, Nielsen 93 [12] has demonstrated that healthy subjects can be tricked to self-94 attribute movements that have been produced by another person.
95
This was the case even when there was a discrepancy between the 96 performed and seen movements, with subjects reporting the feel-97 ing of strangeness and the impression that their hands have been 98 pulled by some external force. This experiment shows that some-99 one else's hand can be perceived as one's own, and that up to a 100 certain limit, one can be fooled to self-attribute the actions of that 101 hand. 102 Notably, a related effect can be observed in a series of pub-103 lications in the field of VR, where authors explore the notion of 104 pseudo haptics proposed by Lecuyer et al. [6, 13, 14] . Pseudo haptics 105 relies on cross-modal perception in order to elicit the sensation 106 of haptic interaction with objects of different physical properties. 107 For instance, Lecuyer et al. [6] manipulate the control-display ra-108 tio (CDR -the ratio mapping the input of a device to an output 109 in a display) of a mouse to convey pseudo haptic sensations. The 110 mouse is used to control a cube in the screen, and when the cube 111 passes through a delimited area, the CDR could either increase or 112 reduce. Subjects reported the sensation of "lightness" and "glid-113 ing" when the CDR increase, and "friction" and "viscosity" when 114 the CDR was reduced. That is, the added/reduced effort resulting 115 from the longer/shorter distance the subject had to cover due to an 116 incongruent visual, proprioceptive and tactile feedback was felt as 117 a tangible obstacle. Push et al. [15] extend the use of pseudo hap-118 tics to deviate the visual representation of the user's hand position. 119 In their system, the physical and virtual hand position become in-120 congruent to convey the sensation of interacting with a force field 121 affecting specific regions in space. We propose a distortion model that alters the visual feedback 183 of movements in order to help or hinder a reaching action. In 184 practice, the model is used to decrease or increase the physical 185 distance that one has to move to reach a target as compared to 186 the apparent distance seen in VR. Therefore, the reaching may 187 require a bigger or smaller amplitude of movement, and conse-188 quently more or less effort than the visual assessment of the task 189 may suggest. This is graphically depicted in Fig. 2 where p max defines the position in physical space where the dis-210 tortion reaches its maximum, p max is computed by:
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where ˆ v physical2 tgt is the normalized vector from p physical to p tgt .
212
Note that p max is only updated if p physical is outside of the vol- 
218
The value of α depends on the proximity of p physical to p max : The distortion model that we described preserves the continu- d gain distortion slows down the movement. However, if the move-241 ment resumes towards the same direction after reaching the tar-242 get, the movement distortion is reversed so that the virtual hand 243 is brought to collocation with the physical hand once it leaves the 244 volume of the sphere. In addition, the inversion of the distortion 245 after the target is reached ensures that the interaction size of the 246 virtual target is kept constant along the direction of distortion for 247 any value of the d gain parameter. Fig. 4 shows the progression of a 248 movement with a helping distortion until the virtual hand reaches 249 the target (left to right). 
Equipment and software
251
An Oculus development kit 2 Head Mounted Display (HMD) 252 was used to display the virtual scene (960 x 1080 pixels per eye, 253 ≈ 100 deg field of view, 75 Hz). A pair of BoseÂ®Quietcomfort 15 254 headphones were used for environmental noise canceling and to 255 provide non localized white noise, thus phonically isolating the 256 user from the real environment.
257
A PhaseSpace ImpulseX2 optical tracking system with 18 cam-258 eras was used to track 14 LED markers. Four markers were at-259 tached to the HMD, three markers were fixated over the back 260 of each hand to estimate its position and orientation in space, a 261 marker was fixated over the top of each shoulder to estimate trunk 262 movements, and a marker was attached to each elbow to solve for 263 the ambiguity of the elbow bend direction around the shoulder to 264 hand vector. We assessed a tracking latency in the range of 30 ms -265 40 ms from physical action to HMD display. HMD orientation track-266 ing was performed using the built-in inertial sensors and corrected 267 for drift around the vertical axis using optical tracking, this yields 268 lower virtual camera update latency than using the optical tracking 269 alone while preserving the correctness of the tracking (i.e. correc-270 tion of the absolute tracking source happens at a higher rate than 271 the drift of inertial sensors). Fig. 1 a shows subject; one target above, one below, one to the left, and one to 322 the right. These four target positions defined a plane in front of 323 the subject. The distance of each target from the central point was 324 equivalent to 25% of the subject's arm length. The central point 325 was in front of the camera, at a distance of 50% of the arm length. 326 In experiment 1, a trial would require either an upward, down-327 ward, leftward or rightward movement. For example, in a trial re-328 quiring a leftward movement, the subject had to first reach for the 329 target in the right (first target), and then perform a movement to 330 the target located in the left (second target). Therefore, the appar-331 ent (visual) distance of the movement is always equivalent to 50% 332 of the subject's arm length, while the actual physical movement 333 depends on our distortion model and the distance gain parameter 334 ( d gain ). The second target position was used to define the center of 335 the distortion sphere while the radius ( d range ) was defined by the 336 distance between the first and second targets (i.e. 50% of the arm 337 length). We emphasize that the movement to the first target was 338 never distorted. Only the second movement, from the first target 339 to the second target, could be distorted. 
Movement distortion units
341
The distortion model described in Section 3.1 uses a distance 342 gain ( d gain ) to define the magnitude of distortion. This gain de-343 scribes the increase or reduction of the physical distance necessary 344 to reach a target. However, the most salient feature of our distor-345 tion model during the movement is the difference in velocity. A 346 distortion that facilitates the reaching movement presents an in-347 creased velocity until the virtual hand reaches the target, and a 348 reduced velocity if the movement continues on the same direc-349 tion until virtual and physical hand positions match by leaving 350 the distortion sphere. The opposite happens with a distortion that 351 hinders the movement. In the experiments that we perform, the 352 first part of this movement is always present. Thus, we opted to 353 set the distortion in terms of gain in speed ( speed gain ) instead of 354 gain in movement amplitude. stance, speed gain dB values of −3 dB, 0 dB and 3 dB correspond to 366 speed gain values of −0.5, 0 and 1 respectively. That is, −3 dB is half 367 The trial consisted of two movements and a question: in the first movement the subject had to place the virtual hand inside a first target, this movement was not distorted; the second movement required the subject to move the virtual hand from the first target to a second target, this movement may or may not be distorted. The question was different for each experiment: experiment 1 asked whether the movement was exactly like the one performed by the subject; experiment 2 asked if the applied distortion made the task easier or harder than if no distortion was used (subject orient their head to face the desired answer).
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the speed, 0 dB is the same speed (no distortion), and 3 dB is twice 368 the speed. were made available at a public repository [30] . pletion of each trial, we ask the subject "did the movement you 398 saw exactly corresponds to the movement you made?", to which 399 the subject had to answer by facing the "Yes" or "No" button. 
Therefore, we focus on measuring the constant k , which is used 420 to approximate the I for a given stimulus intensity I .
In order to assess the constant k , the distortion intensity was 422 controlled by an adaptive staircase, a procedure that changes the 423 intensity of the stimulus discrepancy based on the whether the 424 subject could identify or not a discrepancy in the last trial [31] . 425 In our particular case, if the participant answers "Yes" to a correct 426 or distorted movement, the discrepancy is increased, i.e. the inten-427 sity of the distortion is increased as the participant could not iden-428 tify it. If the subject answers "No" to a distorted movement, the 429 discrepancy is decreased, i.e. the intensity of the distortion is de-430 creased as the participant could identify it. Finally, as the staircases 431 were oriented either to help or hinder the movement, a staircase 432 was not allowed to switch from one of these modes to the other. 433 This means that if the subject answers "No" in a trial where no 434 distortion is present, the position in the staircase will not change 435 (i.e. it is not possible to make the movement more correct), and an 436 identical trial will be evoked next in that staircase sequence. 437 The staircase was complete when either the subject switched 438 the direction of the staircase seven times (e.g. from a distortion 439 increase to a distortion decrease trend) or performed a total of 440 20 trials in the same staircase. The I , used to approximate the 441 constant k , was computed as the mean of the four last staircase 442 turns ( Fig. 6 ) . Each subject underwent a total of two blocks of 16 443 staircases, for a total of 32. Thus, for each combination of distor-4 4 4 tion type (helping or hindering) and movement direction (upward, 445 downward, leftward or rightward) the subject performed four stair-446 cases: two starting with a correct mapping (0 dB) and an initial 447 trend to increase the distortion magnitude, and two starting with 448 for long-term adaptation to the distortion [29] . Instead, we seek to 467 prevent such adaptation by implementing two mechanisms; (i) the 468 first movement in a trial is never distorted, the subject is therefore 469 exposed to a correct (to the extent that tracking, latency and visual 470 display distortion allows for correct physical to virtual mapping) 471 movement at every trial; (ii) we prevent the presentation of trials 472 from the same staircase in a sequence by running four of the 16 473 staircases in the block concurrently. As a result, the subject would 474 experience helping and hindering trials in a sequence quite often. 475 Subjects had to complete two short training blocks before start-476 ing the experiment. In the first training block, the subjects com-477 pleted eight trials without any movement distortion. In the second 478 training block, the subjects completed eight additional trials with 479 a significant distortion ( −2.4 dB and 2.4 dB), one for each combi-480 nation of direction and distortion type. The subjects were told be-481 forehand whether there would be a distortion in the training block, 482 and what answer was expected in such case. This procedure was 483 adopted to ensure that the subjects understood the task, and that 484 they were shown what a movement distortion looked like without 485 any verbal description of its features. After completing the train-486 ing the subjects went through the two blocks of trials, each taking 487 between 15 and 25 min . A sequence of eight non-distorted move-488 ments were presented at the start and end of each block. A rest 489 interval was given between the blocks, and whenever the subjects 490 requested for a pause during an ongoing block. 
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Results
492
For the analysis of experiment 1, we exclude the staircases that 493 failed to converge, we defined these as: (i) staircases that reached 494 20 trials before completing a minimum of five turns, (ii) answer-495 ing "no" when the staircase was at a no distortion point in the 496 range of the last four staircase turns. A total of 640 staircases were 497 completed, 62 of which removed because of (i) and 39 because of 498 (ii), leaving a total of 539 staircase procedures. We also excluded 499 two subjects as they failed to converge in at least one staircase per 500 [28] , in which the task was not target directed and the question explicitly concerned movement speed perception.
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Fig. 7.
Bar plots of the self-attribution thresholds for speed gain and distance gain (experiment 1). The difference between helping and hindering movement was significant in all directions and in all scales, except for the downward movement in distance gain scale. Error bars represent the standard deviation. Table 3 , the PSE for movements   528 towards left, right and up, were found to be significantly different 529 than 0. This implies that subjects found a distortion that made the 530 reaching distance slightly shorter perceptually more correct than 531 when no distortion was applied (i.e. higher self-attribution).
532
Experiment 2: Task difficulty
533
The second experiment acquires subject's impressions on 534 whether a given level of distortion makes the reaching task easier 535 or harder to complete than it would be without any distortion. For 536 instance, we suppose that by reducing or increasing the physical 537 distance -relative to a virtual visual distance -that a participant 538 has to move to complete a task, we are helping or hindering the 539 completion of that task. However, the distortion might also cause 540 a big mismatch between internal forward models predictions of 541 sensory input and actual sensory input, requiring the subject to 542 promptly correct an ongoing movement in order to comply with 543 the distortion. Moreover, behavioral experiments have shown 544 that the minimum delay needed for a visual or proprioceptive 545 signal to influence an ongoing movement is around 80 -100 ms 546 [32] . Thus, if a movement is shortened too much it may become 547 unpractical in terms of movement control mechanisms, potentially 548 contradicting the assumption that such distortion is helping the 549 user, and making the task easier.
550
The second objective of Experiment 2 is to verify if, when ex-551 plicitly asked about task difficulty, subjects are capable of dis-552 tinguishing movement distortions with more confidence than in 553 Experiment 1. The answer was given in a forced choice six points scale ( Fig. 5 ) .
564
Participants were led to believe that all the trials were distorted.
565
The experiment was divided into two short blocks, each with and Brooks [28] . This was the case especially for the helping dis- do not prime the subject to look for a specific physical feature of 598 the distortion. Moreover, we also note that our task was target-599 directed, thus requiring a great level of attention and precision 600 from the subject to be accomplished. Normally, one would expect 601 discrepancies to become easier to spot as they interfere with the 602 completion of the task. In addition, our setup presents the whole 603 virtual body to the subject. Therefore, our results emphasize that 604 our experiment is assessing a different construct than that pre-605 sented by Burns and Brooks [28] . These differences are valuable 606 in the context of agency and embodied interaction research, where 607 we are not only concerned with the limits of perception, but also 608 with the overall feeling of control of a given body. 
Self-attribution and agency
610
The comparator mechanism suggests that, although it is not 611 possible to have direct access to the sensory predictions made 612 by the brain, when the mismatch of sensory input and predic-613 tion is high enough, one may become aware of the discrepancy 614 [34, 35] . Thus, below a certain threshold, the brain would typically 615 monitor the movement execution and correct for sensorimotor dis-616 crepancies without the awareness of the subject [12, 36] . But inter-617 estingly, when questioned about the means used to identify if a 618 distortion did occur, subjects often reported using their subjective 619 effort, e.g. comparing expected and dispensed effort s to complete 620 the reaching task. This, as well as the improved similarity of per-621 ception thresholds and their variances in the d gain scale, relates the 622 awareness of distorted movements to the overall effort. This nu-623 ances the principle of a pure online comparator model, suggesting 624 that the self-attribution of an action (or lack thereof) was often the 625 result of a retrospective component of agency [37] , and associates 626 our results to the account of agency proposed by Synofzik et al. 627 [38] , in which a higher order -non-minimal -representation of 628 the self and its current state and intentions can affect how one 629 evaluates the ownership of actions. 
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Conclusion
721
In this paper, we explored the extent to which subjects tend 722 to self-attribute distorted movements of their avatar in VR. We fo-723 cused on the subgroup of goal-oriented movements. More specif-724 ically, we interfered by adjusting the effort required to complete 725 a reaching task, consequently helping or hindering the movement. 726 Our results show that subjects perform poorly in detecting discrep-727 ancies when the nature of the distortion is not made explicit, ex-728 tending previous work on the subject. Additionally, we found that 729 subjects are biased to self-attributing distorted movements that 730 make the task easier. We extend these findings with a second ex-731 periment where subjects were explicitly asked about the distor-732 tion. Interestingly, we found that subjects self-attribute distorted 733 actions in spite of being capable of perceiving a facilitation, this 734 effect was not observed in the case of hindering distortion. 735 Our results extend to the context of immersive virtual real-736 ity the classical accounts on the sense of agency -the compara-737 tor model [35] and the notion of judgment of agency [47] -and 738 support the view that a higher-order representation of the self 739 and of its intentions can affect how one evaluates the owner-740 ship of actions [38] . These findings and the experience gained 741 in implementing and testing a reliable movement distortion al-742 gorithm can be used for the design of novel guided interactions 743 paradigms in VR, with potential applications for motor training and 744 rehabilitation. 
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